
L POSTGRADUATE SCHOOL 
EBEY. CALIFORNIA 93940 

David Taylor Research Center, 
Bethesda, MD 20084-5000 /& 

PTRC-SME-89/95. January 1990^ 4 

Ship Materials Engineering Department 

Research & Development Report 

L Damping Associated with Incipient Melting 
in Aluminum-Indium Alloys 
by ~~flDfl~~XAO &/ 
C. Wong     tf—i  ^Q^^ 

David Taylor Research Center 
Annapolis, MD 21402 

O. Diehm and D.C.Van Aken 
Dept. Materials Science and Engineering 
University of Michigan 
Ann Arbor, Ml 48109 

Approved for public release; distribution is unlimited. 



MAJOR  DTRC TECHNICAL COMPONENTS 

CODE 011 DIRECTOR OF TECHNOLOGY, PLANS AND ASSESSMENT 

12 SHIP SYSTEMS INTEGRATION DEPARTMENT 

14 SHIP ELECTROMAGNETIC SIGNATURES DEPARTMENT 

15 SHIP HYDROMECHANICS DEPARTMENT 

16 AVIATION DEPARTMENT 

17 SHIP STRUCTURES AND PROTECTION DEPARTMENT 

18 COMPUTATION, MATHEMATICS & LOGISTICS DEPARTMENT 

19 SHIP ACOUSTICS DEPARTMENT 

27 PROPULSION AND AUXILIARY SYSTEMS DEPARTMENT 

28 SHIP MATERIALS ENGINEERING DEPARTMENT 

DTRC ISSUES THREE TYPES OF REPORTS: 

1. DTRC reports, a formal series, contain information of permanent technical value. 
They carry a consecutive numerical identification regardless of their classification or the 
originating department. 

2. Departmental reports, a semiformal series, contain information of a preliminary, 
temporary, or proprietary nature or of limited interest or significance. They carry a 
departmental alphanumerical identification. 

3. Technical memoranda, an informal series, contain technical documentation of 
limited use and interest. They are primarily working papers intended for internal use. They 
carry an identifying number which indicates their type and the numerical code of the 
(originating department. Any distribution outside DTRC must be approved by the head of 
the originating department on a case-by-case basis. 

NDW-DTNSRDC 5602   50  (Rev   2-88) 



n ! 

} ; 

rt~: H T   

i ::.' 

I 

! I L 

' 1 . '• 
! 

r • • i i 

v ..' . A 

• ?d In ;ooperstion with Mj   gan Unik.  .  ^nn A •! ir 

iLLO     "DAMPINi" .  * INDIUM,  *MELTI? ' 
ANALYZERS., 3IMAF ' ALLOYS,   '..;':-" 
REACTIONS, DYNAMIC'S  EUTECTIC'S, LC       i   HAT 

C Ai ININ'   SEGREGATION I :" ~1 , .: : ' : • .     : 0! ' rTE "     iPERATUR; 
: ! J) 

•:• . • 

:... -.- 

,;> 
~1 'nicr      ;m,  I '", .: .:. :.' S L t 1, : n ; r '.J , :    •*>  : i ,. 

the strain dependant damping 

: v jeneral incraass in Los  factor with 

dependent c:.:..   i g was no greater       that     ~ r. 
.  No .: [ sn • f Leant Lne; :. a ;•••= ... 

observed when : !'v- b Lnary 3 i loy2 w<2 "  ~    2 t d Hit. 

damping peaks were observed ":•;"• the  ?utee1 

me fcr> v :-ril     ' . I . of fches: a : d 

rn e 1111 

. id Lurn    Ln . Lusi sns      I':   was ncLuded   t! i sfc 
ths-   higher   tsfiipsraturs   damolns   ^es!     wa~ • c!   with 
smaller    indium    inclusions    snd   that   the   dam:   :     ;   •: • ..; 

ited   tc   the   solute   segregat .on 
••••• I     ! 

M 

' c   • • 



UNCLASSIFIED 
CURITY CLASSIFICATION OF THIS PAGE 

REPORT DOCUMENTATION PAGE 
REPORT SECURITV6LASSIFICATI6N 

classified  
1b.      RESTRICTIVE MARKINGS 

8ECURITY CLASSIFICATION AUTHORITY 3.        DISTRIBUTION/AVAILABILITY OF REPORT 

DECLASSIF1CATION/DOWNGRADING SCHEDULE 

Approved for public release; distribution is unlimited,. 
PERFORMING ORGANIZATION REPORT NUMBER(S) 

TtC-SME-89/95  

5.        MONITORING ORGANIZATION REPORT NUMBER(S) 

NAME OF PERFORMING ORGANIZATION 

vid Taylor Research Center 

8b.      OFFICE SYMBOL 
inapplicable) 

Code 2812 

7a.      NAME OF MONITORING ORGANIZATION 

ADDRESS {City, Slat*, and ZIP Cod*) 

thesda, MD 20084-5000 

7b.      ADDRESS (City. Sft*. and ZIP Cod*) 

NAME OF FUNDING/SPONSORING 
ORGANIZATION 

ice of Naval Research 
vid TavlnrRpsparrh f>nter 

».     OFFICE SYMBOL 
(If applicable) 

Code 1131 
Code 0115 

».       PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER 

Contract 87-K-0452 

ADDRESS {City, State, and ZIP Cod*) 

lington,VA 22217-5000 
thesda, MD 20084-5000 

10.     SOURCE OF FUNDING NUMBERS 

PROGRAM 
ELEMENT NO. 

62234N 

PROJECT 
NO. 

TASK 
NO. 

RS34S94 

WORK UNrr 
ACCESSION NO. 

DN507603 
TITLE (Includ* S*cvrtty Classification) 

mping Associated with Incipient Melting in Aluminum-Indium Alloys 
PERSONAL AUTHOR(S) 

I. Wong, O. Diehm, and D.C. Van Aken 
a.   TYPE OF REPORT 13b.   TIME COVERED 

FROM 10/87    TO       2/89 
14.      DATE OF REPORT (YEAR, MONTH. DAY) 

January 1990 

IS.     PAGE COUNT 

18 
SUPPLEMENTARY NOTATION 

COSAT1 CODES 

FIELD GROUP SUB-GROUP 

18.       SUBJECT TERMS {Continue on reverse If necessary and Identify by block number) 

Damping, Aluminum, Indium, Complex modulus 

ABSTRACT {Continue on reverse If necessary and Identity by Nock number) 

The strain amplitude dependent damping of binary aluminum-indium alloys containing nominally 0.6 to 17.3 
weight percent indium was studied. A dynamic mechanical analyzer was used to measure the damping capacity of these 
materials. Pure aluminum (99.99%) exhibited strain dependent damping at strain values as low as 70 |l£. The addition of 
0.6 weight percent indium reduced the strain independent damping by a factor of 2, but the strain dependent damping was 
equivalent to that of pure aluminum. Binary aluminum-indium alloys containing 4, 8,12, and 16 weight percent indium 
exhibited a general increase in loss factor with increasing indium content; however, the strain dependent damping was no 
greater than that of the pure aluminum sample. No significant increase in damping was observed when the binary alloys 
were tested at temperatures above the melting point of indium. Two damping peaks were observed near the eutectic melt- 
ing point when tested at 10 Hz and differential scanning calorimetry verified both of these peaks as due to the melting of 
the indium inclusions. It was concluded that the higher temperature damping peak was associated with smaller indium 
inclusions and that the damping peaks were related to the solute segregation associated with the binary eutectic reaction. 

DISTRIBUTION/AVAILABILITY OF ABSTRACT 

• UNCLASSIFIED/UNLIMITED IJJ SAME AS RPT • DTIC USERS 

21.      ABSTRACT SECURITY CLASSIFICATION 

Unclassified 
NAME OF RESPONSIBLE INDIVIDUAL 

C.R. Wong 

22b.    TELEPHONE {Include Area Code) 

(301) 267-2835 

22c.    OFFICE SYMBOL 

Code 2812 
FORM 1473, JUN 86 Previous editions are obsolete. 

0102-LF-014-6602 

SECURITY CLASSIFICATION OF THIS PAGE 

UNCLASSIFIED 



CONTENTS 
Page 

Abstract  1 
Administrative Information     1 
Acknowledgments  1 
Introduction     1 

Experimental Procedure    2 
Results   3 
Discussion    4 
Conclusions  5 
References  13 

FIGURES 
1. Phase diagram of the Al-In binary system showing a liquid immiscibility gap.  ..      6 

2. Schematic representation of the pivot arm system for the DuPont DMA 983.  ...     6 

3. Room temperature damping results of Pure Aluminum (99.99%) and Al-0.6 In for 
various strain amplitudes       7 

4. Room temperature damping results of Al-4 In, Al-8 In, Al-12 In, 
and Al-16 In for several strain amplitudes       7 

5. Scanning electron micrographs of the Al-4 In, Al-8 In, Al-12 In, and Al-16 In 
alloys showing elongated indium stringers parallel to the rolling direction. The 
samples were polished and then etched in a warm aqueous solution of NaOh....      8 

6. Damping results from 100-200°C for the Al-6 In alloy using a fixed 
frequency of 1 Hz and a strain amplitude of 70 (i£       9 

7. Differential scanning calorimetry results from the Al-17.3 In alloy exhibiting 
two melting peaks upon heating (top line) and three solidification peaks upon 
cooling (bottom line). The smallest peak (140°C) is associated with 
solid nucleation of the finest indium particles       9 

8. Damping results for the Al-6 In alloy at 10 Hz fixed frequency and strain 
amplitude of 70 |X£ showing two distinct damping peaks     10 

9. DMA results indicating a slight increase of damping capacity at 156°C with 
increasing indium content and also showing damping contribution 
from the Al matrix     10 

10. Damping capacity results for the Al-17.3 In alloy at 156°C at different 
strain amplitudes     11 

11. DMA results for the Al-17.3 In alloy at a frequency of 0.1 Hz demonstrating 
a larger damping peak to background ratio at lower frequencies     11 

DTRC-SME-69/95 iii 



12. Bright field transmission electron micrograph of the Al-0.6 In alloy showing 
indium particles on a subgrain boundary     12 

13. DSC results for the A1-I2 In alloy indicating a second melting peak due to a 
fine structure of indium particles which melt at a higher temperature     12 

iv DTRC-SME-89/95 



ABSTRACT 

The strain amplitude dependent damping of binary aluminum-indium alloys con- 
taining nominally 0.6 to 173 weight percent indium was studied. A dynamic mechanical 
analyzer was used to measure the damping capacity of these materials. Pure aluminum 
(99.99%) exhibited strain dependent damping at strain values as low as 70 microstrain. 
The addition of 0.6 weight percent indium reduced the strain independent damping by a 
factor of 2, but the strain dependent damping was equivalent to that of pure aluminum. 
Binary aluminum-indium alloys containing 4,8,12, and 16 weight percent indium exhib- 
ited a general increase in loss factor with increasing indium content; however, the strain 
dependent damping was no greater than that of the pure aluminum sample. No significant 
increase in damping was observed when the binary alloys were tested at temperatures 
above the melting point of indium. Two damping peaks were observed near the eutectic 
melting point when tested at 10 Hz, and differential scanning calorimetry verified both of 
these peaks as due to the melting of the indium inclusions. It was concluded that the high- 
er temperature damping peak was associated with smaller indium inclusions and that the 
damping peaks were related to the solute segregation associated with the binary eutectic 
reaction. 
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INTRODUCTION 

The typical structural aluminum (Al) has a high stiffness but a low specific damping 
capacity. The typical loss factor for a precipitation hardened aluminum alloy is between 
10"3 and 10"4. Metal matrix composites have shown increased damping1 but these materi- 
als cannot be considered high damping because they have loss factors less than 10~2.2 An 
alternate approach to the development of a high damping composite would be by the in- 
corporation of a viscoelastic fiber in addition to the stiff fibers used for reinforcement. 
Thus, the matrix would provide the structural stiffness and the various fibers would pro- 
vide the desired damping capacity and the added stiffness. Although the composite 
material would show a lower stiffness than the stiff metal matrix composite, the increase 
in damping capacity may be of greater importance. 

Indium (In) is a viscoelastic metal with an ultimate tensile strength of 3.1 MPa (450 
psi) at room temperature. The loss factor of indium has been reported to vary from 0.06 at 
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room temperature to 0.2 at 100°C (212°F).3 The melting point of pure indium is 156°C 
(313°F) and when combined with aluminum forms and immiscible alloy system, as 
shown in the phase diagram in Fig. 1. An alloy of 17.3 weight percent indium will 
solidify by a monotectic reaction (L—>A1+L2) which produces a continuous aluminum 
matrix with an indium rich (L2) entrapped liquid. At 156°C the indium rich liquid will 
solidify by the eutectic reaction L2-»A1+In. This final eutectic reaction will normally pro- 
duce inclusions which are single-phase, i.e., pure indium. The small weight fraction of 
aluminum produced during the eutectic reaction is "divorced" to the preexisting alumi- 
num matrix. Thus the resulting microstructure will consist of an aluminum matrix with a 
dispersion of indium inclusions. 

The objective of this investigation was to examine the effect of a viscoelastic inclu- 
sion, indium, on the damping capacity of aluminum. It was expected that the composite 
microstructure would demonstrate strain dependent damping as a result of microplasticity 
(dislocation motion) within the inclusions. In addition, high temperature loss factor mea- 
surements were used to determine the damping associated with liquid inclusions. It was 
also expected that the first order transformation (the eutectic reaction) at 156°C would 
produce both an anomalous modulus effect and a frequency dependent loss peak. The 
relaxation time of the eutectic reaction determines the frequency at which peak damping 
is observed. The following formula from Nowick and Berry4 describes the relaxation 
time, x, as a function of the radius, r, of the second phase particle for a two phase materi- 
al during a first order transformation. 

r2 

T =  (1) 
3 D Vf 

where D is the diffusiviry and Vf is the volume fraction of the second phase particle. It 
should be noted that the relaxation time will be strongly dependent upon the size of the 
second phase, such that smaller particles exhibit shorter relaxation times. 

EXPERIMENTAL PROCEDURE 
Binary aluminum-indium alloys, with nominal compositions of 0.6,4,6, 8,12, and 

16 weight percent indium, were arc-melted in an argon gas atmosphere. These alloys 
were prepared from indium and aluminum metals which each had a metallic purity better 
than 99.99%. The total weight of each arc-melted button was below 10 g to assure a ho- 
mogeneous melt. The Al-17% In alloy was produced by induction melting in an argon 
gas atmosphere and was solidified at a slow rate using a ceramic insulator to produce a 
coarse distribution of indium particles. Each sample was then cold rolled 30%, annealed 
at a temperature of 532°C (990°F), then cold-rolled and annealed again to produce a 
nominal sample thickness of 1 mm. Rectangular beam coupons were cut from the rolled 
slab, using a diamond saw, to produce sample shapes with nominal dimensions 40 mm x 
10 mm x 1 mm. 

A DuPont dynamic mechanical analyzer model 983 (DMA) was used to measure 
the damping response of the test coupons. At room temperature and a fixed frequency of 
0.1 Hz, the strain amplitude was varied from 20 to 300 microstrain (us) by changing the 
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oscillation amplitude and clamping distance between the pivot arms, Fig. 2. The driver 
arm produces a sinusoidal displacement inducing both a shear and bending stress. The 
damping capacity was measured as the loss factor which is equal to the tangent of the 
phase angle, tan 5, between the stress and the strain. Elevated temperature tests, from 
100-200°C (212-392°F) were conducted at a strain amplitude of 70 u£ at both 1 and 10 
Hz. A heating ramp of 1°C (3.6°F) per minute and a helium gas atmosphere was used to 
minimize the temperature lag of the sample with respect to the furnace-controlling ther- 
mocouple. 

The eutectic melting temperature of the binary alloys was established using a Per- 
kin-Elmer differential scanning calorimeter model 7. Metallographic samples were 
prepared by mechanical polishing and etching in a hot aqueous solution of NaOH. 
Cross-sectional samples were cut to view the long transverse microstructures of the 
binary alloys. Electron microscopy studies were performed at The University of Michi- 
gan Electron Microbeam Analysis Laboratory. Thin foils for transmission electron 
microscopy were prepared by twin jet electropolishing in a solution of 20% nitric acid 
(by volume) and methanol. 

RESULTS 

The results of the room temperature damping capacity measurements for the pure 
aluminum and binary aluminum-indium alloys are shown in Figs. 3 and 4 and their mi- 
crostructures are shown in Fig. S. Each alloy exhibits a transition to strain amplitude 
dependent damping at approximately 70 U£. A comparison between the aluminum and the 
binary Al-0.6% In alloy is shown in Fig. 3. The addition of 0.6 indium reduced the strain 
independent damping by a factor of 2, but the strain dependent damping was equivalent 
to that of the pure aluminum. The strain independent damping of the pure aluminum was 
also greater than the binary aluminum-indium alloys, with the exception of the two high- 
est indium concentrations, Al-12% In and Al-16% In. In general, the damping capacity of 
the aluminum-indium alloys and the size of the indium stringers increased with increas- 
ing indium content, as illustrated in Figs. 4 and S. 

The results of a typical 1 Hz temperature scan is shown in Fig. 6 for Al-6% In. A 
first order transformation was observed between 160 and 170°C (320 and 338°F). The 
change in the storage modulus with respect to temperature shows an anomalous behavior 
in this temperature range. The eutectic melting temperature of 156°C was verified by 
differential scanning calorimetry (DSC). However, The DSC results also revealed a sec- 
ond melting peak at 160°C, as shown in Fig. 7. Figure 8 shows that both melting peaks 
were observed with the DMA during a 10 Hz temperature scan. The loss factor associated 
with this transformation did not vary significantly with respect to increasing weight per- 
centage of indium, as shown in Fig. 9. Although the total damping appears to increase 
with indium content, the difference between the peak height and the background is nearly 
constant. 

At the eutectic melting temperature, the binary alloys exhibit strain dependent 
damping as demonstrated by the Al-17.3% In alloy in Fig. 10. This particular alloy had a 
coarse distribution of indium particles due to its slow cooling rate from the melt. The 
temperature scan in Fig. 11 shows a large damping peak to background ratio at lower fre- 
quencies for the Al-17.3% In alloy. When measuring the loss factor at the eutectic 
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temperature for various oscillation frequencies, the relative height of the peak was ob- 
served to increase from values of 0.002 at 1 Hz to 0.014 at low frequencies of 0.1 Hz. 

DISCUSSION 

The strain dependent damping of the aluminum-indium alloys appears to be asso- 
ciated with dislocation motion in both the aluminum matrix and the indium particles. 
Thus the damping of the aluminum-indium alloys increases with increasing indium con- 
tent, but the total damping is less than that of the pure aluminum. This may indicate that 
the damping contribution from the matrix decreases with increasing indium content. This 
effect may be explained if we associate the magnitude of the matrix damping with a 
mean-free-path of the dislocation motion. Upon the addition of second phase particles, 
the mean-free-path of the dislocations will decrease in two ways: the indium particles will 
inhibit the grain size during annealing and the indium particles will act as dislocation 
traps. Both of these effects are a function of the volume fraction of the second phase. 
Therefore the damping contribution from the matrix would be expected to decrease as the 
volume fraction of second phase is increased. A minimum would then be expected for the 
aluminum-indium alloys since the damping contribution from the indium particles would 
increase with increasing volume fraction. This minimum is approximately at the Al-4% 
In composition. 

The addition of indium also affects the strain independent damping of the aluminum 
matrix, as shown in Fig. 3. The addition of a very small amount of indium (0.6%) reduces 
the loss factor to one-half that measured for pure aluminum, but this effect appears to be 
related to processing history. Electron microscopy studies have just begun to examine the 
differences in structure which results from the addition of indium and the subsequent pro- 
cessing. For example, a second Al-0.6% In alloy was processed without annealing and 
the microstructure is shown in Fig. 12. The microstructure shows a fine sub-grain struc- 
ture with indium particles on the sub-grain boundary. However, this particular alloy 
shows a much higher loss factor. The loss factor measured for this sample was constant, 
with tan 8 = 0.016, up to a strain amplitude of 150 u£. Before any conclusions can be 
made with regard to the strain independent regime, further microstructural studies must 
be conducted. 

The clamping peak observed between 160 and 170°C is believed to be related to the 
eutectic melting temperature observed at 156°C by the differential scanning calorimeter. 
The difference in temperature is a reflection of the thermal lag associated with the Du- 
Pont DMA. The pivot arms are made of stainless steel and are in direct contact with the 
sample. Thus, the pivot arms act as a thermal reservoir with respect to the sample. This 
effect was minimized by flowing helium gas through the furnace as the temperature was 
ramped. The thermal lag for the aluminum-indium samples varied between 4 and 10°C 
(7 to 18°F). 

Equation 1 provides a means to calculate the test frequency at which peak damping 
would be observed for a two-phase microstructure going through a first order transforma- 
tion. In the present case, the reaction is a eutectic where the indium alloys with the 
surrounding aluminum matrix to form a liquid. Self diffusion of indium in the liquid and 
in the solid state near the melting point is approximately 10"5 cm2/s and 10"9 cm2/s, re- 
spectively.5 If the typical diameter of the indium inclusion is taken as 2 um and a volume 
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fraction of 0.02 is assumed, relaxation times of 170 and 0.017 seconds are expected, us- 
ing the self diffusion rates for indium in the solid and liquid states, respectively. These 
relaxation times correspond to test frequencies of approximately 0.01 and 60 Hz. Resolu- 
tion of the damping peak was obtained at a test frequency of 0.1 Hz, which would 
indicate an intermediate diffusivity. The diffusion rate of aluminum in indium would be 
expected to be higher than the self diffusion of indium in the solid state since the atomic 
radius of aluminum is smaller than that of indium. Thus a diffusivity between 10"7 and 
10"8 cm2/s may be reasonable. In terms of order of magnitude calculations, this would 
produce a relaxation time on the order of 10 seconds or a test frequency of 0.1 Hz. The 
peak observed at the higher test frequencies may then be related to a smaller indium par- 
ticle. It should be noted that the melting temperature of indium is size dependent.6 This 
effect is easily demonstrated by differential scanning calorimetry of an arc-melted 
Al-12% In alloy, as shown in Fig. 13. The moderate solidification rate will produce a fine 
structure of indium particles which melt at a higher temperature. Upon cold-working and 
subsequent annealing, the number of high melting indium particles is reduced, as ob- 
served in the DSC resulting in Fig. 7. 

CONCLUSIONS 

The addition of indium to aluminum exhibited a general increase in loss factor with 
increasing indium content; however, the strain dependent damping was no greater than 
that of the pure aluminum sample. A precipitation hardening alloy would be more appro- 
priate for evaluating the damping contribution resulting from the addition of a 
viscoelastic inclusion. No significant increase in damping was associated with liquid met- 
al inclusions, but a large damping peak was observed which was associated with the 
eutectic transformation and the diffusion of aluminum solute in the indium inclusions. 
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Fig . 1. Phase diagram of the Al-ln binary system 
showing a liquid immiscibility gap. 

Sample Deformation 
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Fig. 2. Schematic representation of the pivot arm 
system for the DuPont DMA 983. 
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Fig. 6. Damping results from 100-200° for the Al-6 In alloy using a fixed 
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Fig. 7. Differential scanning calorimetry results from the AI-17.3 In alloy exhibiting two 
melting peaks upon heating (top line) and three solidification peaks upon cooling 
(bottom line). The smallest peak (140°C) is associated with solid nucleation of 
the finest indium particles. 
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Fig. 12. Bright field transmission electron micrograph of the AI-0.6 In 
alloy sowing indium particles on a subgrain boundary. 
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Fig. 13. DSC results for the AI-I2 In alloy indicating a second melting 
peak due to a fine structure of indium particles which melt 
at a higher temperature. 
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